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Description

[0001] The present disclosure relates to a chemical reactor which includes one or more solid oxide fuel cells or one
or more solid oxide electrolyser cells.

[0002] Elevated temperature gas phase reactors typically use a catalyst on a support material. The temperature,
pressure and flow rate are then selected to achieve the best conversion rate. Several passes may be required. Some
of these reactions consume huge amounts of energy e.g. steam methane reforming (SMR) to produce syngas, and
steam cracking to produce ethylene.

[0003] Other reactions are very exothermic, producing a lot of mainly wasted heat. An example is the oxidation of
ammonia to nitric oxide as part of the manufacture of nitric acid. Localised heating can also cause catalyst degradation.
US 6700000 B proposes one solution for the production of phthalic anhydride, which involves putting the least active
catalyst at the fuel inlet, and then increasing the catalyst activity as the fuel is consumed.

[0004] New micro-reactors, which have smaller channels, a higher surface area of catalyst, and metal substrates to
conductheat away, address some of these issues. However, electrochemical reactors can provide a more comprehensive
solution.

[0005] Solid Oxide Cells (SOCs) are a well-established technology, operating at elevated temperatures, usually above
500°C. Typically they consist of an electrolyte, which conducts oxygen ions but is an electrical insulator, an anode and
a cathode. Fuel is oxidised at the anode, and the oxidant reduced at the cathode.

[0006] Variant forms of SOC may have proton-conducting electrolytes which are typically based on oxide materials,
but which can operate at lower temperatures.

[0007] In the majority of applications, SOCs are operated in fuel cell mode, acting as solid oxide fuel cells (SOFCs),
where fuel is supplied to the anode, and oxidant, typically air, is supplied to the cathode. A potential is built up across
the electrolyte, and this can be used to drive an external electrical circuit.

[0008] However, SOCs can also be used as electrolysers. An electrical potential is applied across the electrodes, and
this can drive a reaction which is not thermodynamically favoured. In this mode they are referred to as Solid Oxide
Electrolyser Cells (SOECs), and high temperature electrolysis of carbon dioxide and steam is one application. EP 0 438
902 discloses a SOEC having first and second passageways relating to the anode and cathode side.

[0009] The prime purpose of SOFCs is to generate electricity, which they do very efficiently, but in the process they
also convert chemicals, for example methane and air to provide carbon dioxide and water.

[0010] Conventional SOFCs are usually of the 'twin-chamber’ type where the fuel and oxidant are kept separate, and
the electrolyte is fully dense to prevent them mixing. WO2015048626 proposes the use of 'twin-chamber’ SOFCs for
use in chemical processing, combined with anode gas processing equipment. This approach provides improved chemical
efficiency, and lower electrical efficiency than a conventional SOFC system. However, it may be complex, expensive,
and difficult to operate to achieve high flow rates.

[0011] Thus a’single-chamber’ electrochemical reactor has many advantages, as outlined in GB2446950. The direct
reaction of fuel and oxidant is exothermic, and maintains the temperature needed for the SOFC to operate. A mixture
of fuel and oxidant helps suppress unwanted reactions such as coking at the anode when oxidising hydrocarbons. It is
also much simpler and less expensive than 'twin-chamber’ fuel cells.

[0012] However, conventional 'single-chamber’ fuel cells have their own problems. First, combining fuel and oxidant
can produce explosive mixtures. Secondly, it can be difficult to control the balance between direct, and electrochemical
reactions.

[0013] The present invention is at least partly based on a realisation that these problems can be addressed by using
a hybrid chemical reactor, which is a combination of a conventional chemical reactor, and an electrochemical reactor.
This enables a simple design, which requires no seals, and therefore can be manufactured economically.

[0014] Accordingly, the present invention provides in a first aspect a chemical reactor including:

one or more solid oxide fuel cells, each cell having an electrolyte layer joining a cathode and an anode, the one or
more fuel cell cathodes being located in a first gas zone of the reactor, and the one or more fuel cell anodes being
located in a second gas zone of the reactor;

a first gas supply route for supplying a flow of oxidant to the first gas zone;

a second gas supply route for supplying a flow of reactant to the second gas zone; and

a gas removal route for removing a flow of reaction products away from the second gas zone; and

one or more leakage paths (i.e. gas feeds) which fluidly connect the first gas zone to the second gas zone such that
a leakage flow of oxidant (i.e. a flow which subsidiary to the main flows of the first gas supply route, the second gas
supply route and the gas removal route) leaks from the first gas zone into the second gas zone to support a direct
exothermic chemical reaction (i.e. a controlled amount of reaction which is subsidiary to the indirect electrochemical
oxidation reaction discussed below) between the oxidant and the reactant, while substantially preventing a reverse
flow of reactant into the first gas zone;
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wherein the reaction products are a mixture of reaction product (i.e. output) from the direct reaction and reaction
product (i.e. output) from an indirect electrochemical oxidation reaction of the reactant at the anode or anodes; and
wherein the reactor further includes a catalyst in the second gas zone for catalysing the direct reaction, and a
controller for drawing a controlled electric current from the fuel cell or cells to control the rate of the indirect reaction
and thereby the temperature of the catalyst.

[0015] Thus, advantageously, the reactor enables temperature control of the catalyst and hence control of the balance
between direct and electrochemical reactions, while also avoiding explosive mixtures.

[0016] The chemical reactor of the first aspect may have any one or any combination of the following optional features.
[0017] Typically, the gas removal route is a second gas removal route, the device further including a first gas removal
route for removing a flow of gas depleted in oxidant away from the first gas zone.

[0018] The controller may further control the flow rates of the oxidant and the reactant to respectively the first and
second gas zones to control the rate of the direct reaction. The controller may further control a flow rate at which the
reaction products are extracted from the reactor.

[0019] The oxidant may be oxygen, e.g. in the form of air or pure oxygen.

[0020] The catalyst may be a catalyst in the anode or anodes which also catalyses the indirect reaction. Alternatively,
the catalyst may be a first catalyst, and the reactor may further include a second catalyst in the anode or anodes which
catalyses the indirect reaction.

[0021] The present invention also provides in a second aspect a chemical reactor including:

one or more solid oxide electrolyser cells, each cell having an electrolyte layer joining a cathode and an anode, the
one or more electrolyser cells being located in a gas reaction zone of the reactor;

a first gas supply route for supplying a flow of reductant and oxidant gases to the gas reaction zone such that both
the cathode and the anode of each cell are exposed to the flow of reductant and oxidant;

a gas removal route for removing a flow of reaction product from the gas reaction zone; and

a second gas supply route for supplying a flow of oxygen to the gas reaction zone such that the oxygen supports a
direct exothermic chemical reaction between the oxygen and the reductant gas;

wherein the reaction products are a mixture of reaction product (i.e. output) from the direct reaction, reaction product
(i.e. output) from an indirect electrochemical reduction reaction of the oxidant at the cathode or cathodes, and
reaction product (i.e. output) from an indirect electrochemical oxidation reaction of the reductant at the anode or
anodes; and

wherein the reactor further includes a catalyst in the gas reaction zone for catalysing the direct reaction, and a
controller for applying a controlled electric potential to the electrolyser cell or cells to control the rate of the indirect
reactions and thereby the temperature of the catalyst.

[0022] Thus this aspect uses electrolyser cells rather than fuel cells, but again the reactor enables temperature control
of the catalyst and hence control of the balance between direct and electrochemical reactions.

[0023] The chemical reactor of the second aspect may have any one or any combination of the following optional
features.

[0024] Typically, the gas removal route is a first gas removal route, the device further including a second gas removal
route for removing a flow of unused oxygen away from the gas reaction zone.

[0025] The controller may further control the respective flow rates of the reductant gas, oxidant gas and oxygen to the
gas reaction zone to control the rate of the direct reaction. The controller may further control a flow rate at which the
reaction products are extracted from the reactor.

[0026] The reductant may be hydrocarbon gas, the oxidant may be carbon dioxide, and the reaction products may be
a mixture of hydrogen and carbon monoxide.

[0027] The oxygen may be in the form of air or pure oxygen

[0028] The catalyst may be a catalystin the anode or anodes which also catalyses the indirect oxidation of the reductant
gas. Alternatively, the catalyst may be a first catalyst, and the reactor may further include a second catalystin the anode
or anodes which catalyses the indirect oxidation of the reductant gas.

[0029] The chemical reactor of the first or second aspect may have any one or any combination of the following optional
features.

[0030] When the catalystis a first catalyst, this may be coated on surfaces of the reactor. Alternatively or additionally,
first catalyst may be incorporated in structural material of the reactor.

[0031] The chemical reactor may further include one or more temperature measuring devices arranged to monitor the
reactor temperature, and to communicate the reactor temperature to the controller for use in controlling the rate of the
direct reaction and/or the indirect reaction(s).

[0032] The chemical reactor may further include one or more gas composition measuring devices arranged to monitor
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the composition of the reaction products, and to communicate the composition to the controller for use in controlling the
rate of the direct reaction and/or the indirect reaction(s).

[0033] Embodiments of the present disclosure will now be described by way of example with reference to the accom-
panying drawings in which:

Figure 1 shows schematically a plan view of an element of a hybrid chemical reactor device;
Figure 2 shows a section A-A of Figure 1;
Figures 3 to 7 show respective variants of the element of the hybrid chemical reactor device;
Figures 8 to 11 show stacks of respective variants of the element of the hybrid chemical reactor device;
Figure 12 shows a stack of seven elements forming the hybrid chemical reactor device;
Figure 13 shows schematically a plan view of an element of a hybrid chemical reactor having planar cells; and
Figure 14 shows a section on B-B of Figure 13.
1. Reactor

[0034] Figure 1 shows schematically a plan view of a reactor element 11 of a hybrid chemical reactor device. The
element 11 comprises a conductor 31 on which are located four SOFCs 12, but there may be any number. The conductor
may be formed, for example, of metal such as AlISI 430 ferritic stainless steel, and may be about 100m thick.

[0035] Figure 2 shows a section A-A of Figure 1. Each SOFC 12 comprises an electrolyte layer 16 sandwiched between
a cathode layer 15, and an anode layer 17. Each electrolyte may be gas tight or porous, as long as it prevents the two
electrodes on either side from short-circuiting.

[0036] A portion of the conductor 31 forms a wall of each conduit 10, which forms a gas flow passage defining a first
gas zone 28 for supplying a flow of oxidant, which is usually air or oxygen, but may be another gas such as nitric oxide,
via pores 21 of porous regions to the cathode 15 of each SOFC. The pores 21 are produced in the conductor 31, e.g.
by etching, or laser or mechanical drilling. Another option is to press slots in the metal of the conductor 31 so that the
pressed metal forms turbulence-inducing tabs adjacent to the slots projecting into the gas flow passage 28, thereby
improving gas flow to the cathode 15. The pores may be about 100um in diameter, and may be similarly spaced from
each other in order to both support the SOFCs, and provide enough porosity for the oxygen to reach the cathode 15.
[0037] The cathode layers 15 may be deposited before or after the pores 21 are made in the conductor 31. If the layers
are deposited after the pores are produced, the cathode 15 may be partially or totally contained by the pores.

[0038] A second gas zone 29 surrounds the conduits 10 and receives the reactant, typically a hydrocarbon or oxy-
genated hydrocarbon. However, the reactant may include other species, such as ammonia for use in ammoxidation
reactions. When there are plural species in the reactant they may flow into the second gas zone 29 from separate
pathways, and only mix on arrival therein.

[0039] The layers of SOFCs 12 can be applied and sintered to the conductor 31, and then heat treated. The conductors
31 may be made from foil, and the pores produced by techniques such as etching or drilling, or they may be formed
from expanded metal or wire mesh. However, if a ceramic material or materials is used to form the conductors 31, then
the layers of the SOFCs 12 may be sintered on the ceramic, without a need for inert gas or vacuum heat treatment,
which is typically required when sintering onto metals. Alternatively, the layers of the SOFCs 12 may be produced as
sheets, cut to size and then fired. They can then be clamped in place within a stack.

[0040] Further, uncovered holes 22 in the first conductor 31 adjacent to each SOFC 12 ensure that the contents of
the gas flow passage 28 leak across to the second gas zone 29 in which the SOFCs 12 are located. The amount of this
leakage through the holes 22 is dependent on the flow area of the holes 22 (which may be relatively large, e.g. about 1
cm in diameter) and the pressure difference between the first and the second gas zones. The leakage determines the
amount of direct reaction, and therefore the level of heat generated. The SOFC cathode 15 reduces oxygen to oxygen
ions, which pass through the electrolyte 16, and then oxidise the reactant to the product. A potential is generated across
the electrodes, so some of the energy can be removed as electricity, thereby controlling the temperature, to prevent
overheating. The electricity produced makes the reaction more sustainable.

[0041] In a different configuration, the order of the layers in each SOFC can be reversed so that the anode layer 17
lies directly on top of the pores 21 of the porous region of the conductor 31, and is then overlaid in turn by the electrolyte
layer 16 and the cathode layer 15. The second gas zone 29 then becomes the gas flow passages formed by the conduits
10, while the first gas zone 28 becomes the space surrounding the conduits 10.
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[0042] The conductor 31 provides an electrical connection between the cathodes 15. When two elements 11 are
stacked, the upper element 11 electrically connects the anodes 17 below, and connects the two elements in series. The
holes 23 allow gases to readily pass through the conductor 31, and an easy exchange of gases within the second gas
zone 29.

[0043] A catalyst is essential to ensure the correct reaction product. The fuel cell anode 17 will generally contain a
catalyst for the electrochemical oxidation, and it may optionally contain a catalyst for the direct oxidation reaction. These
catalysts may, or may not, be the same. The direct oxidation catalyst may also be coated on other reactor surfaces, or
be incorporated in the reactor structural components.

[0044] Many catalysts operate most effectively within a particular temperature range. This invention allows electricity
to be drawn from the fuel cells to remove energy, thereby controlling the reactor temperature. The reactor temperature
and/or the composition of the reaction products can be monitored, to provide information to a controller to allow it to
maintain the optimum temperature.

[0045] In avariant, the reactor acts as an electrolyser, and the cells are SOECs. The SOECs also comprise a cathode,
electrolyte and anode. However, in this variant the cathodes and the anodes of the SOECs are both supplied with a
mixture of reductant and oxidant, and thus it is not necessary for the reactor to distinguish first and second gas zones.
A potential is applied to drive the reactions. Catalysts are generally required for these reactions in the same way as the
SOFC variant. The reactor has an oxygen gas supply route so that a controlled amount of oxygen (e.g. as air or pure
oxygen) can bleed into the mix of reductant and oxidant. The direct oxidation reaction between the oxygen and reductant
is catalysed and produces a product and heat. The heat maintains the reactor temperature. This can be controlled in a
similar manner to the SOFC variant.

2. Reactions

[0046] A wide range of gas phase reactions can be controlled in a hybrid chemical reactor device, with the additional
benefit of generating electricity. The types of reaction are described here.

2.1 Fuel cell: full oxidation

[0047] Full oxidation of hydrocarbons, and oxygenated hydrocarbons, provides carbon dioxide, steam, heat and elec-
tricity. The hybrid chemical reactor device can be used in this application, and provides a large amount of electrical
power in a small volume.

[0048] One application for this format is auxiliary power units in vehicles. Exhaust gases from an internal combustion
engine are mixed with more fuel, and these gases pass through the fuel cell stack. The conduit 10 supplies air. Some
air bleeds into the fuel and exhaust gas mix, with a direct reaction maintaining the temperature. Most oxygen reacts
electrochemically with the fuel to generate electricity, which can be used to top up the battery in hybrid vehicles, or to
directly power equipment such as air conditioning units.

2.2 Fuel cell: partial oxidation

[0049] There is a huge range of chemicals which are made by the addition of oxygen to a molecule. Many of these
are carried out, or are capable of being carried out, at elevated temperature in the gas phase. Several are very exothermic;
the heat generated making the reaction difficult to control, and hotspots accelerate catalyst degradation. The excess
heat is usually wasted.

[0050] Carrying the reaction out in a hybrid chemical reactor device allows a combination of some direct reaction to
provide enough heatto maintain the reaction temperature, and an electrochemical reaction to remove energy as electricity.
This allows catalysts to operate at their optimum temperature, and provides electricity as a by-product, making the
reaction more sustainable.

[0051] The oxidant will usually be air or oxygen, and the ’fuel’ will be the reactant. The conduit can be supplied with
either the oxidant or the fuel. Fuel is supplied to the anode, and oxidant to the cathode.

[0052] In most cases there are a number of possible reaction products, so a selective catalyst is essential. The support
material, usually a ceramic such as silica or alumina, can also play a significant role. Below is a list of some major
chemicals, and example catalysts used in their manufacture:-

* Nitric oxide from ammonia, part of nitric acid manufacture: platinum/rhodium alloy.

e Syngas (carbon monoxide and hydrogen) from methane: nickel.

e Formaldehyde from methanol: silver.

¢ Maleic anhydride from benzene: vanadium pentoxide plus molybdenum trioxide.

e Ethylene oxide from ethylene: silver on an aluminium oxide support plus promoters and inhibitors.
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e Acrylic acid from propene: molybdenum-vanadium-copper-oxide on a silicon carbide support.
e Phthalic anhydride from o-xylene or naphthalene: vanadium pentoxide on a support such as alumina or silicon
carbide.

[0053] In addition, terephthalic acid, adipic acid and phenol are currently made by liquid phase reactions, but the
thermodynamics of the oxidation reactions used in their manufacture, means they are candidates for manufacture in the
hybrid chemical reactor of this invention.

[0054] The addition of some steam may assist the kinetics of some of the reactions.

2.3 Fuel cell: ammoxidation

[0055] This is similar to partial oxidation, but with ammonia mixed with the fuel. An example reaction and catalyst is:-
e Acrylonitrile from propene: bismuth-phosphomolybdate combination.

2.4 Fuel cell: oxy-dehydrogenation

[0056] Oxy-dehydrogenation involves eliminating some hydrogen from a molecule, and oxidising the hydrogen to
water, for example ethane to ethylene. Controlling the reaction in the hybrid chemical reactor helps to produce the correct
product as well as electricity. This contrasts with the existing method of steam cracking at high temperature, which is
very energy intensive.

2.5 Electrolyser

[0057] In this case the reactions are not thermodynamically favoured, and a potential needs to be applied to drive the
reaction. An example is the reaction of carbon dioxide with methane to produce syngas:-

CH, + CO, = 2CO + 2H,

[0058] There are two problems which need to be overcome, carbon deposition at the electrodes, and maintaining the
stack temperature. Supplying oxygen via conduit 10 controls carbon deposition at the electrodes, and allows some direct
reaction with methane to maintain the stack temperature.

3. Device Configuration

[0059] Each reactor element 11 has at least one SOFC 12, or in the case of an electrolyser, at least one SOEC. For
an SOFC, the cathode 15 is supplied with oxidant from the first gas zone 28 by the pores 21 and the second gas zone
29 receives the reactant. For an SOEC, reductant and oxidant are supplied to both sides of the SOEC.

[0060] In the case of SOFCs, the size and/or density of the holes 22 which allow oxidant to leak into the second gas
zone 29 may vary for different locations in an element 11 and/or for different elements in a stack of elements. In this
way a suitable positive pressure and a suitable local leakage rate of the oxidant can be maintained across all elements
of a stack.

[0061] In the case of SOFCs, the first 28 and second 29 gas zones can take various forms. For example, they may
be configured as linear or non-linear plane tube conduits. They may incorporate baffles to promote turbulent flow. Similar
considerations apply to the gas reaction zone in the case of SOECs. The fuel cells or electrolyser cells themselves may
be shaped to promote turbulent flow.

[0062] In a stack of reactor elements 11, the electrical connections between the SOFCs or the SOECs of a given
element need to be maintained, and each element of the stack needs to be electrically connected to the other elements.
[0063] Individual elements may be substantially planar. Conduits 10 need to be electrically conducting; this can be
achieved by using electrically conducting material, or by applying an electrically conducting coating to a non-conducting
material. Elements can be stacked directly on top of each other, and clamped to provide good electrical contact.
[0064] As reactantis consumed with greater distance from the inlet, the proportional area of each conductor covered
by fuel cells or electrolyser cells may decrease. The porosity, thickness and composition of the electrodes and electrolyte
may also change to accommodate lower reactant concentrations.

4. Conductor and Conduit Materials

[0065] Suitable materials for forming the reactor element 11 are discussed in GB A 2446950.
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[0066] In general, however, the materials need to provide:

* High temperature corrosion resistance to fuel, oxidant and reaction products.
Strength at temperature, and creep resistance.

e Compatibility with adjacent electrode materials.

e Materials may also need to be able to catalyse reactions.

[0067] High temperature alloys, including stainless steels, nickel, cobalt and titanium alloys, can be used to form the
conductors 30, 31 and the conduit 10. These are available as sheet, plate and foil in a wide range of alloy compositions.
They can be formed and joined by known techniques. Pores and holes formed by e.g. drilling and photochemical etching.
Powder metallurgy manufacturing may be used.

[0068] The conductors 30, 31 and conduit 10 may carry coatings to improve corrosion resistance, and/or to reduce
contact resistance. They may also be treated or coated to affect its catalytic performance.

[0069] A number of ceramics are electrically conducting at elevated temperature. These include carbides such as SiC,
ZrC and TiC, nitrides such as TiN, TaN and SizN,, Indium tin oxide (ITO), and arange of electrically conducting perovskite
materials. Such materials can be used to form at least parts of the conductors 30, 31 and conduit 10.

5. Cell Materials

[0070] The electrolyte for the SOFCs and SOECs, should conduct oxygen ions in the temperature range of the reaction,
but does not conduct electrons. It should also be chemically stable. Cerium gadolinium oxide (10% Gd) (CGO) can be
used below 600°C, and yttria (8 mole %) stabilised zirconia (YSZ) above that temperature. Other electrolyte materials
such as doped lanthanum gallates, for example LaggSry,GaggMgy,055 and scandia stabilised zirconia
(S¢503)g 1(ZrOy)g 9, May be used.

[0071] Most SOFCs operate at above 500°C, but the operating temperature can be reduced by reducing the electrolyte
thickness. Further reductions, as low as 300°C, can be achieved by using alternative electrolyte materials such as doped
bismuth oxides. Examples are erbia (20 mole%) stabilised bismuth oxide, and BisMgq 26V1 74010 61- These materials
can be reduced in normal fuel cell conditions, but the higher oxygen partial pressures in this application can overcome
this problem.

[0072] Multiple layers of different electrolytes may be used to prevent unwanted reactions between a main electrolyte
material and electrode materials. An additional layer may be used to reduce resistance losses at the electrode/electrolyte
interface.

[0073] The electrodes may be made from a single phase material such as a perovskite, some of which are listed
below, or may be a mixture of perovskite and the electrolyte material.

[0074] The SOFC cathode reduces the oxidant, e.g. oxygen in air, and conducts oxygen ions and electrons. Example
materials for the SOFC cathode are Lag gSry ,Mn O4_5 (LSM), Lag gSry 4Coq ,Feq gO05 5 (LSCF), Bag 5Sry 5Coq gFeq 2035
(BSCF), GdBaCo,0s,5 (GBC), Bag 5Sry sMng ,Feq 3055 (BSMF), and Smq 5Sry 5C004 5 (SSC).

[0075] The SOEC cathode catalyses a different reaction, and materials such as lanthanum doped strontium titanates
for example Lag »Srq gTiO3,5, Lag 3Srg 7Feq 7Tig 303.5, and Lag 5Srg gTig gMng 1O5_5 can be used. Other possible mate-
rials include Lag 3Srq 7Crg 3Feg 7035, Lag gSrg 2Cro sMng 5035, and Lag g5Srg 30Ce€0.05CT0 50F€0.5003-5-

[0076] The anode materials of the SOFC or the SOEC are chosen to selectively oxidise the reactant to the desired
product, and also conduct oxygen ions and electrons. A wide range of catalysts are possible, depending on the desired
product, as discussed above in sections 2.2 and 2.3. An example is the SOFC anode material for the partial oxidation
of methane to syngas, which may be a mixture of nickel with the electrolyte. Other possible materials such as
Lag gSrg 1Crg sFeq503.5 and Lag ¢Srg 1Crg 7Feq 305_5 are more redox-stable and sulphur-tolerant alternatives.

[0077] Proton conducting SOFCs are less well developed than the better known oxide ion conducting fuel cells, and
given that they conduct protons, can be used for carrying out different reactions. They require a different electrolyte,
and the most widely used is BaCeOs with 10% yttria substitution (BCY 10). A typical anode would be a mixture of the
electrolyte and Ni, and cathode Bag sSry sFeq gZng 203.5.

[0078] Suitable manufacturing methods for the functional layers of the SOFCs and SOECs, such as tape casting and
screen printing, are described in GB A 2446950. Spray techniques, such as ultrasonic spraying, may also be used.
These methods involve a mixture of the ceramic powder in a solvent with, where necessary, the addition of a surfactant
(which acts as a deflocculant), a binder, a plasticiser, and a pore former (which burns out to leave a more gross porosity).
3D printing may also be used.

6. Temperature Control of Industrial Chemical Reactions

[0079] Most gas phase oxidation reactions are highly exothermic, and are carried out over a catalyst on a support
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material. Excessive local temperatures can result in catalyst degradation and unwanted reaction products. The present
device allows a combination of the conventional direct reaction by bleeding a controlled amount of oxidant into the
reactant through the holes 22, and an electrochemical reaction in the SOFCs 12. Energy is removed as electricity,
thereby lowering the process temperature, as well as making the process more sustainable because of the useful energy
produced.

[0080] The direct reaction catalyst may coat the conductors 31, or the whole conduit 10, so that some of the direct
reaction occurs outside the fuel cell. Controlling the oxygen supply determines the extent of the direct reaction, and heat
can be conducted away by the conductors. Further electrochemical conversion can then take place in the fuel cell anode,
where a current can be drawn from the cell, thus removing energy.

[0081] In some reactions it may be possible to prevent a spontaneous direct reaction between the reactant and oxygen
until the gases enter the fuel cell anode. In this case there would be no coating of the conductor with catalyst material,
and the conductor and conduit material would need to be selected so that it did not catalyse the reaction itself. In this
case both the direct and the indirect electrochemical reactions would occur in the fuel cell anode. The catalyst for these
reactions may, or may not, be the same.

[0082] Ineach case, the reactant flow, oxygen leakage rate, and the current drawn from the fuel cells can be controlled
to provide the optimum temperature for catalyst operation. Conventional techniques for gas flow control can be used to
achieve the desired flow rates of gases into and out of the reactor. The controlling measurement may be the temperature
at different points in the stack, and/or by monitoring the output gas composition.

7. Variant Conversion Devices

[0083] The electrolyte 16 of the SOFC may be porous. However, Figure 3 shows a variant of the element 11 of the
hybrid chemical reactor device, in which the electrolyte 16 is fully dense, and seals to the conductor 31, thereby isolating
the SOFC cathode 15, which is entirely within the pores 21, from the second gas zone 29. This arrangement is beneficial
for cathode materials which cannot tolerate exposure to the reactant.

[0084] Figure 4 shows a further variant of the element 11 of the hybrid chemical reactor device, in which the SOFC
cathode 15 is partially above, and partially within the pores 21. The electrolyte 16 is fully dense, and seals to the conductor
31, thereby isolating the SOFC cathode 15. The conductor 31 is non-planar, providing a different shaped conduit 10.
[0085] Figure 5 shows a further variant of the element 11 of the hybrid chemical reactor device, in which the conduit
10 extends below both the SOFCs 12. The conduit 10 can extend below any number of SOFCs 12.

[0086] Figure 6 shows a further variant of the element 11 of the hybrid chemical reactor device, in which the conduit
10 extends below two SOECs 14, comprising an anode 18, electrolyte 19, and cathode 20. The SOEC anode 18 is in
contact with the conductor 31. In order that gases can also enter and exit the SOEC anode layer 18, the conductor 31
forms a series of peaks or ridges 24 in the region beneath the anode layer 18. The summits of these peaks or ridges
make the electrical connection to the anode layer 18 while the valleys between them provide pathways for gas flow to
and from the layer.

[0087] A mixture of oxidant and reductant can be fed into the gas reaction zone 129 in which the SOECs 14 are located,
and a potential applied to the SOECs to form the reaction products. These reactions are not thermodynamically favoured,
and require heat to maintain the reaction. Oxygen is bled in through holes or pores (forming leakage or gas feed paths)
22 from flow passage 128 created by the conduit 10 into the gas reaction zone 129, and the exothermic reaction provides
that heat.

[0088] The pores 22 fluidly connect the flow passage 128 to the gas reaction zone 129. They allow a leakage flow of
oxygen into the gas reaction zone, which flow is subsidiary to the main flows of the first gas supply route which provides
the oxidant and reductant, and the gas removal route which removes the reaction product. This leakage flow allows a
controlled direct oxidation of the reductant by the oxygen, producing heat and a reaction product.

[0089] An application is the electrolysis of a hydrocarbon fuel and carbon dioxide, with the addition of some oxygen.
The oxygen in the flow passage 128 bleeds through pores 22 into the gas reaction zone 129 which contains a hydrocarbon
fuel such as methane, and carbon dioxide. This results in an exothermic partial oxidation to syngas (carbon monoxide
plus hydrogen) which helps to maintain the stack temperature. This direct reaction can be promoted with the use of a
catalyst such as nickel, either by coating the outer surface of the conduit 10 with nickel, or by making the conduit out of
a nickel containing alloy such as AlS| 304 austenitic stainless steel. Some oxygen remains mixed with the fuel to enter
the electrodes and inhibit carbon deposition. When a potential is applied across the SOEC 14 cells, the cathode 20
reduces the carbon dioxide, and the anode 18 oxidises the methane to produce more syngas.

[0090] The temperature of the electrolyser can be maintained by controlling the flow rates of methane and carbon
dioxide, the rate at which oxygen is bled into the reaction zone, and the electric potential applied to the electrolyser. The
controlling measurement may be the temperature at different points in the stack, and/or by monitoring the output gas
composition.

[0091] Figure 7 shows a further variant of the SOEC element 11, in which there is a second conductor 30, and a
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second gas flow passage 33; this forms part of the gas reaction zone 129 which facilitates the flow of hydrocarbon fuel
to the electrolyser anode 18, and facilitates the flow of syngas away from the cells. The second gas flow passage 33
also provides support for the stacking of plural of the elements 11. The electrolyser cathode 20 is in contact with the first
conductor 31. In this variant, the flow of hydrocarbon fuel in the second gas flow passage 33 is parallel to the flow of
oxygen in the first gas flow passage 128. However, the second gas flow passage 33 may be arranged to have flow at
right angles to that of the first gas flow passage 128.

[0092] A thick and highly porous anode layer 18 of the SOEC 14 enhances gas flow within the electrode. This can be
combined with a thin electrolyte layer 19 to minimise resistive losses at lower operating temperatures. Metal felt may
be located between any of the electrodes and the conductors 30, 31 with which they make electrical contact. The felt
provides the electrical connection, while improving gas flow to and from the electrode. The use of metal felt can be
particularly beneficial at the cathode layer 20 of the SOEC 14, and may allow this layer to be located on a flat region of
the wall rather than on peaks or ridges 24.

[0093] Figure 8 shows a stack of two further variants of element 11 of the hybrid chemical reactor device, in which the
conductor 31 is entirely porous. The conduits 10 have porous regions on the side facing away from the conductor 31.
Elements are stacked so that these porous regions of the conduit 10 are in contact with SOFC anode 17 on the element
11 below. The gas passages of the conduits form the second gas zone 29 and thus contain the flow of fuel (reactant),
which is supplied via some of the pores 25 of the porous region to the SOFC anode 17. The first gas zone 28 surrounds
the conduits and contains the oxidant. Porosity 21 in the conductor 31 allows the oxidant to access the SOFC cathode
15, while other pores 22 of the porous regions of the conduits 10 allow a leakage flow of oxidant to bleed into the conduit 10.
[0094] Figure 9 shows a stack of two further variants of element 11 of the hybrid chemical reactor device, which is
similar to figure 8, but which has porosity in all four faces of the conduit 10 to allow the oxidant to bleed in through pores
22 in faces of the conduit away from the face in contact with the SOFC anode 17. Entirely porous conduits and conductors
may readily be made from ceramic materials.

[0095] Figure 10 shows a stack of three further variants of the element 11 of the hybrid chemical reactor device. The
conductors 31 have porous regions below the SOFCs 12, but are otherwise non-porous 26. The non-porous regions
are shaped so that the conduits 10 fit into the recesses, but they are not connected to each other. The materials of the
conductor 31 and conduit 10 need to be compatible with the electrodes they are in contact with. If these materials have
different thermal expansion coefficients, then this configuration allows relative movement between the conductors and
conduits. Compression of the stack provides good electrical contact, and ensures the conduits 10 are correctly located.
[0096] Figure 11 shows a stack of three further variants of the element 11 of the hybrid chemical reactor device. The
conductor 31 is planar, its porous regions 21 are in contact with the SOFCs 12, and the rest of the conductor 31 is non-
porous 26. Lugs 27 are attached below the non-porous region 26, to provide a recess to locate the conduit 10. Lugs 27
may be discrete pieces, or long parallel strips of material. Porous regions 22 allow contents of the first gas zone 28 to
bleed into the second gas zone 29.

[0097] Figure 12 shows a stack of seven elements 11 forming the hybrid chemical reactor device. This is placed in a
housing which contains a flow of reactant gases. At top and bottom of the stack are porous metal end plates 35, allowing
the gases to pass through the stack. The conduits contain the oxidant, and the porous regions of the conductors between
the conduits, allow gases to pass through the stack at any angle. The porosity disturbs the gas flow, making it more
turbulent. Tightening bolts at the ends of rods 36 extending between the end plates 35 exert a clamping load on the
elements 11.

[0098] Stacking the fuel cell elements connects them in electrical series, and accumulates the voltage. The thickness
and composition of the fuel cell layers may change, as the gas or gases that make up the reactant are consumed and
the concentrations lowered.

[0099] Figures 1 to 12 show cells in which the electrodes sandwich the electrolyte. However, it is also possible to form
the elements of the hybrid reactor device using planar cells. Figure 13 shows schematically a plan view of an element
11 of the hybrid chemical reactor having such cells, and Figure 14 shows a section on B-B of Figure 13. The element
includes a substrate 41 onto which are deposited four SOFCs 12. Each SOFC comprises an electrolyte 16 deposited
on the substrate 41, and on the same top surface of the electrolyte 16 are deposited a cathode 15 and an anode 17 in
spaced apart relationship. Alternatively, SOECs 14 may be deposited onto the substrate 41 in a similar manner.
[0100] The electrical circuits are completed by depositing electrically conducting interconnects. Thus interconnects
42 connect each SOFC cathode 15 with the SOFC anode 17 of an adjacent fuel cell, thus connecting them in series.
Conductors 43 allow connection to an external circuit so that a current can be drawn from the fuel cells. The substrate
41 can be an electrical insulator, e.g. a ceramic such as alumina, so that the interconnects 42 and 43 do not short circuit
with each other. If the substrate is metallic, such as ferritic stainless steel, then an insulating coating can be applied to
the substrate to prevent electrical contact between the interconnects and the substrate.

[0101] This planar cell morphology has an advantage that the parts of the element 11 can be deposited by inkjet or
3D printing, and then sintered.

[0102] As before, oxidantis supplied to the SOFC cathode 15 at a first gas zone, while the SOFC anode 17 is exposed
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to the reactant at a second gas zone. Suitable conduits for the supply of these gas flows and the removal of reaction
products from the second gas zone are therefore provided, with provision for controlled leakage of oxidant into the
reactant gas zone to enable a direct reaction as well as the electrochemical reaction.

[0103] Asone example, the substrate 41 may take the form of a conduit which is at least partially porous, and supplies
oxygen. Each portion of the SOFC electrolyte 16 in contact with the SOFC cathode 15 can then be porous, to allow
oxygen to access the cathode.

[0104] Whiletheinvention has been described in conjunction with the exemplary embodiments described above, many
equivalent modifications and variations will be apparent to those skilled in the art when given this disclosure. Accordingly,
the exemplary embodiments of the invention set forth above are considered to be illustrative and not limiting.

Claims
1. A chemical reactor including:

one or more solid oxide fuel cells (12), each cell having an electrolyte layer (16) joining a cathode (15) and an
anode (17), the one or more fuel cell cathodes being located in a first gas zone (28) of the reactor, and the one
or more fuel cell anodes being located in a second gas zone (29) of the reactor;

a first gas supply route for supplying a flow of oxidant to the first gas zone (28);

a second gas supply route for supplying a flow of reactant to the second gas zone (29); and

a gas removal route for removing a flow of reaction products away from the second gas zone (29); and

one or more leakage paths (22) which fluidly connect the first gas zone (28) to the second gas zone (29) such
that a leakage flow of oxidantleaks from the first gas zone into the second gas zone to support a direct exothermic
chemical reaction between the oxidant and the reactant, while substantially preventing a reverse flow of reactant
into the first gas zone;

wherein the reaction products are a mixture of reaction product from the direct reaction and reaction product
from an indirect electrochemical oxidation reaction of the reactant at the anode (17) or anodes; and

wherein the reactor further includes a catalyst in the second gas zone (29) for catalysing the direct reaction,
and a controller for drawing a controlled electric current from the fuel cell or cells (12) to control the rate of the
indirect reaction and thereby the temperature of the catalyst.

2. A chemical reactor according to claim 1, wherein the controller further controls the flow rates of the oxidant and the
reactant to respectively the first (28) and second (29) gas zones to control the rate of the direct reaction.

3. A chemical reactor according to claim 1 or 2, wherein the oxidant is oxygen.

4. A chemical reactor according to any one of the previous claims, wherein the catalyst is a catalyst in the anode or
anodes (17) which also catalyses the indirect reaction.

5. A chemical reactor according to any one of claims 1 to 3, wherein the catalyst is a first catalyst, and the reactor
further includes a second catalyst in the anode or anodes (17) which catalyses the indirect reaction.

6. A chemical reactor including:

one or more solid oxide electrolyser cells (14), each cell having an electrolyte layer (19) joining a cathode (20)
and an anode (18), the one or more electrolyser cells being located in a gas reaction zone (129) of the reactor;
a first gas supply route for supplying a flow of reductant and oxidant gases to the gas reaction zone (129) such
that both the cathode (20) and the anode (18) of each cell (14) are exposed to the flow of reductant and oxidant;
a gas removal route for removing a flow of reaction product from the gas reaction zone (129); and

a second gas supply route for supplying a flow of oxygen to the gas reaction zone (129) such that the oxygen
supports a direct exothermic chemical reaction between the oxygen and the reductant gas;

wherein the reaction products are a mixture of reaction product from the direct reaction, reaction product from
an indirect electrochemical reduction reaction of the oxidant at the cathode or cathodes (20), and reaction
product from an indirect electrochemical oxidation reaction of the reductant at the anode or anodes (18); and
wherein the reactor further includes a catalyst in the gas reaction zone (129) for catalysing the direct reaction,
and a controller for applying a controlled electric potential to the electrolyser cell or cells (14) to control the rate
of the indirect reactions and thereby the temperature of the catalyst.
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A chemical reactor according to claim 6, the controller further controls the respective flow rates of the reductant gas,
oxidant gas and oxygen to the gas reaction zone (129) to control the rate of the direct reaction.

A chemical reactor according to claim 6 or 7 in which the reductant is hydrocarbon gas, the oxidant is carbon dioxide,
and the reaction products are a mixture of hydrogen and carbon monoxide.

A chemical reactor according to any one of claims 6 to 8, wherein the catalyst is a catalyst in the anode or anodes
(18) which also catalyses the indirect oxidation of the reductant gas.

A chemical reactor according to any one of claims 6 to 8, wherein the catalyst is a first catalyst, and the reactor
further includes a second catalyst in the anode or anodes (18) which catalyses the indirect oxidation of the reductant
gas.

A chemical reactor according to claim 5 or 10 in which the first catalyst is coated on surfaces of the reactor.

A chemical reactor according to any one of claims 5, 10 and 11 in which the first catalyst is incorporated in structural
material of the reactor.

A chemical reactor according to any one of the previous claims further including one or more temperature measuring
devices arranged to monitor the reactor temperature, and to communicate the reactor temperature to the controller
for use in controlling the rate of the indirect reaction(s).

A chemical reactor according to any one of the previous claims further including one or more gas composition
measuring devices arranged to monitor the composition of the reaction products, and to communicate the composition
to the controller for use in controlling the rate of the indirect reaction(s).

Patentanspriiche

1.

Chemischer Reaktor, der Folgendes umfasst:

eine oder mehrere Festoxidbrennstoffzellen (12), wobei jede Zelle eine Elektrolytschicht (16), die eine Kathode
(15) und eine Anode (17) verbindet, aufweist, wobei die eine oder mehreren Brennstoffzellenkathoden in einer
ersten Gaszone (28) des Reaktors angeordnet sind und die eine oder mehreren Brennstoffzellenanoden in
einer zweiten Gaszone (29) des Reaktors angeordnet sind;

einen ersten Gaszufuhrweg zum Zufiihren einer Oxidationsmittelstrémung zu der ersten Gaszone (28);

einen zweiten Gaszufuhrweg zum Zufiihren einer Reaktionsmittelstrémung zu der zweiten Gaszone (29); und
einen Gasentfernungsweg zum Entfernen einer Reaktionsproduktestréomung weg von der zweiten Gaszone (29);
einen oder mehrere Leckagepfade (22), die die erste Gaszone (28) fluidisch mit der zweiten Gaszone (29)
verbinden, so dass eine Oxidationsmittel-Leckagestrdmung von der ersten Gaszone in die zweite Gaszone
leckt, um eine direkte exotherme chemische Reaktion zwischen dem Oxidationsmittel und dem Reaktionsmittel
zu unterstiitzen, wahrend eine Riickstromung von Reaktionsmittel in die erste Gaszone im Wesentlichen ver-
hindert wird;

wobei die Reaktionsprodukte ein Gemisch aus einem Reaktionsprodukt aus der Direktreaktion und einem
Reaktionsprodukt aus einer indirekten elektrochemischen Oxidationsreaktion des Reaktionsmittels an der/den
Anode(n) (17) sind; und

wobei der Reaktor ferner einen Katalysator in der zweiten Gaszone (29) zum Katalysieren der Direktreaktion
sowie eine Steuerung zum Ziehen eines gesteuerten elektrischen Stroms aus der/den Brennstoffzelle(n) (12)
zum Steuern der Rate der indirekten Reaktion und dadurch der Temperatur des Katalysators umfasst.

Chemischer Reaktor nach Anspruch 1, wobei die Steuerung ferner die Durchflussraten des Oxidationsmittels und
des Reaktionsmittels zu der ersten (28) bzw. zweiten (29) Gaszone steuert, um die Rate der Direktreaktion zu steuern.

Chemischer Reaktor nach Anspruch 1 oder 2, wobei das Oxidationsmittel Sauerstoff ist.

Chemischer Reaktor nach einem der vorangegangenen Anspriiche, wobei der Katalysator ein Katalysator in der
oder den Anode(n) (17) ist und auch die indirekte Reaktion katalysiert.
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Chemischer Reaktor nach einem der Anspriiche 1 bis 3, wobei der Katalysator ein erster Katalysator ist und der
Reaktor ferner einen zweiten Katalysator in der/den Anode(n) (17) umfasst, der die indirekte Reaktion katalysiert.

Chemischer Reaktor, der Folgendes umfasst:

eine oder mehrere Festoxidelektrolysezellen (14), wobei jede Zelle eine Elektrolytschicht (19), die eine Kathode
(20) und eine Anode (18) verbindet, aufweist, wobei die eine oder mehreren Elektrolysezellen in einer Gasre-
aktionszone (129) des Reaktors angeordnet sind;

einen ersten Gaszufuhrweg zum Zufiihren einer Reduktions- und Oxidationsgasstromung zur Gasreaktionszone
(129), so dass sowohl die Kathode (20) als auch die Anode (18) jeder Zelle (14) der Strémung von Redukti-
onsmittel und Oxidationsmittel ausgesetzt sind;

einen Gasentfernungsweg zum Entfernen einer Reaktionsproduktstrémung aus der Gasreaktionszone (129);
einen zweiten Gaszufuhrweg zum Zufiihren einer Sauerstoffstrémung zu der Gasreaktionszone (129), so dass
der Sauerstoff eine direkte exotherme chemische Reaktion zwischen dem Sauerstoff und dem Reduktionsgas
unterstitzt;

wobei die Reaktionsprodukte ein Gemisch aus einem Reaktionsprodukt aus der Direktreaktion, einem Reakti-
onsprodukt aus einer indirekten elektrochemischen Reduktionsreaktion des Oxidationsmittels an der/den Ka-
thode(n) (20) und einem Reaktionsprodukt aus einer indirekten elektrochemischen Oxidationsreaktion des Re-
aktionsmittels an der/den Anode(n) (18) sind; und

wobei der Reaktor ferner einen Katalysator in der zweiten Gasreaktionszone (129) zum Katalysieren der Di-
rektreaktion sowie eine Steuerung zum Anlegen eines gesteuerten elektrischen Potentials auf die Elektrolyse-
zelle(n) (14) zum Steuern der Rate der indirekten Reaktionen und dadurch der Temperatur des Katalysators
umfasst.

Chemischer Reaktor nach Anspruch 6, wobei die Steuerung ferner die entsprechende Durchflussrate des Reduk-
tionsgases, des Oxidationsgases und des Sauerstoffs zu der Gasreaktionszone (129) steuert, um die Rate der
Direktreaktion zu steuern.

Chemischer Reaktor nach Anspruch 6 oder 7, wobei das Reduktionsmittel Kohlenwasserstoffgas ist, das Oxidati-
onsmittel Kohlendioxid ist und die Reaktionsprodukte ein Gemisch aus Wasserstoff und Kohlenmonoxid sind.

Chemischer Reaktor nach einem der Anspriiche 6 bis 8, wobei der Katalysator ein Katalysator in der/den Anode(n)
(18) ist und auch die indirekte Oxidation des Reduktionsgases katalysiert.

Chemischer Reaktor nach einem der Anspriiche 6 bis 8, wobei der Katalysator ein erster Katalysator ist und der
Reaktor ferner einen zweiten Katalysator in der/den Anode(n) (18) umfasst, der die indirekte Oxidation des Reduk-
tionsgases katalysiert.

Chemischer Reaktor nach Anspruch 5 oder 10, wobei der erste Katalysator auf Oberflachen des Reaktors aufge-
bracht ist.

Chemischer Reaktor nach einem der Anspriiche 5, 10 und 11, wobei der erste Katalysator in das strukturelle Material
des Reaktors eingebaut ist.

Chemischer Reaktor nach einem der vorangegangenen Anspriiche, der ferner eine oder mehrere Temperaturmess-
vorrichtungen umfasst, die angeordnet sind, um die Reaktortemperatur zu Gberwachen und der Steuerung die
Reaktortemperatur mitzuteilen, zur Verwendung beim Steuern der Rate der indirekten Reaktion(en).

Chemischer Reaktor nach einem der vorangegangenen Anspriche, der ferner eine oder mehrere Gaszusammen-
setzungsmessvorrichtungen umfasst, die angeordnet sind, um die Zusammensetzung der Reaktionsprodukte zu
Uberwachen und der Steuerung die Zusammensetzung mitzuteilen, zur Verwendung beim Steuern der Rate der
indirekten Reaktion(en).

Revendications

1.

Réacteur chimique incluant :
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une ou plusieurs piles a combustible a oxyde solide (12), chaque pile présentant une couche électrolytique (16)
reliant une cathode (15) et une anode (17), les une ou plusieurs cathodes de pile a combustible étant situées
dans une premiére zone de gaz (28) du réacteur, et les une ou plusieurs anodes de pile a combustible étant
situées dans une seconde zone de gaz (29) du réacteur ;

une premiere voie d’alimentation en gaz pour alimenter un flux d’oxydant vers la premiére zone de gaz (28) ;
une seconde voie d’'alimentation en gaz pour alimenter un flux de réactif vers la seconde zone de gaz (29) ; et
une voie de retrait de gaz pour retirer un flux de produits de réaction a partir de la seconde zone de gaz (29) ; et
un ou plusieurs trajets de fuite (22) qui relient fluidiquement la premiére zone de gaz (28) a la seconde zone
de gaz (29) de telle sorte qu’un flux de fuite d’oxydant fuit a partir de la premiére zone de gaz jusque dans la
seconde zone de gaz pour supporter une réaction chimique exothermique directe entre 'oxydant et le réactif,
tout en empéchant sensiblement un flux inverse de réactif jusque dans la premiére zone de gaz ;

dans lequel les produits de réaction sont un mélange d’un produit de réaction provenant de la réaction directe
et d’un produit de réaction provenant d’'une réaction d’oxydation électrochimique indirecte du réactif au niveau
de 'anode (17) ou des anodes ; et

dans lequel le réacteur inclut en outre un catalyseur dans la seconde zone de gaz (29) pour catalyser la réaction
directe, et un dispositif de commande pour extraire un courant électrique régulé a partir de la pile a combustible
ou des piles a combustible (12) pour réguler la vitesse de la réaction indirecte et ainsi la température du
catalyseur.

Réacteur chimique selon la revendication 1, dans lequel le dispositif de commande régule en outre les débits
d’écoulement de I'oxydant et du réactif vers respectivement les premiére (28) et seconde (29) zones de gaz pour
commander la vitesse de la réaction directe.

Réacteur chimique selon la revendication 1 ou 2, dans lequel I'oxydant est I'oxygene.

Réacteur chimique selon I'une quelconque des revendications précédentes, dans lequel le catalyseur est un cata-
lyseur dans I'anode ou les anodes (17) qui catalyse également la réaction indirecte.

Réacteur chimique selon I'une quelconque des revendications 1 a 3, dans lequel le catalyseur est un premier
catalyseur, et le réacteur inclut en outre un second catalyseur dans I'anode ou les anodes (17) qui catalyse la
réaction indirecte.

Réacteur chimique incluant :

une ou plusieurs piles d’électrolyseur a oxyde solide (14), chaque pile présentant une couche d’électrolyte (19)
reliant une cathode (20) et une anode (18), les une ou plusieurs piles d’électrolyseur étant situées dans une
zone de réaction de gaz (129) du réacteur ;

une premiere voie d’alimentation en gaz pour alimenter un flux de gaz réducteur et oxydant vers la zone de
réaction de gaz (129) de telle sorte que la cathode (20) et 'anode (18) de chaque pile (14) sont exposées au
flux de gaz réducteur et oxydant ;

une voie de retrait de gaz pour retirer un flux de produits de réaction a partir de lazone de réaction de gaz (129) ; et
une seconde voie d’alimentation en gaz pour alimenter un flux d’'oxygéne vers la zone de réaction de gaz (129)
de telle sorte que 'oxygéne supporte une réaction chimique exothermique directe entre 'oxygéne et le gaz
réducteur ;

dans lequel les produits de réaction sont un mélange d’'un produit de réaction provenant de la réaction directe,
d’un produit de réaction provenant d’une réaction de réduction électrochimique indirecte de 'oxydant au niveau
de la cathode ou des cathodes (20), et d’'un produit de réaction provenant d’'une réaction d’oxydation électro-
chimique indirecte du réducteur au niveau de I'anode ou des anodes (18) ; et

dans lequel le réacteur inclut en outre un catalyseur dans la zone de réaction de gaz (129) pour catalyser la
réaction directe, et un dispositif de commande pour appliquer un potentiel électrique régulé a la pile ou aux
piles d’électrolyseur (14) pour réguler la vitesse des réactions indirectes et ainsi la température du catalyseur.

Réacteur chimique selon la revendication 6, dans lequel le dispositif de commande régule en outre les débits
d’écoulement respectifs du gaz réducteur, du gaz oxydant et de 'oxygéne vers la zone de réaction de gaz (129)

afin de réguler la vitesse de la réaction directe.

Réacteur chimique selon la revendication 6 ou 7, dans lequel le réducteur est un hydrocarbure gazeux, I'oxydant
est le dioxyde de carbone, et les produits de réaction sont un mélange d’hydrogéne et de monoxyde de carbone.
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Réacteur chimique selon I'une quelconque des revendications 6 a 8, dans lequel le catalyseur est un catalyseur
dans I'anode ou les anodes (18) qui catalyse également I'oxydation indirecte du gaz réducteur.

Réacteur chimique selon I'une quelconque des revendications 6 a 8, dans lequel le catalyseur est un premier
catalyseur, etle réacteur inclut en outre un second catalyseur dans I'anode ou les anodes (18), qui catalyse I'oxydation
indirecte du gaz réducteur.

Réacteur chimique selon la revendication 5 ou 10, dans lequel le premier catalyseur est appliqué en revétement
sur des surfaces du réacteur.

Réacteur chimique selon I'une quelconque des revendications 5, 10 et 11, dans lequel le premier catalyseur est
incorporé dans un matériau structurel du réacteur.

Réacteur chimique selon 'une quelconque des revendications précédentes, incluant en outre un ou plusieurs dis-
positifs de mesure de température agencés de maniére a surveiller la température du réacteur, et a communiquer
la température du réacteur au dispositif de commande pour une utilisation dans la régulation de la vitesse de la ou
des réactions indirectes.

Réacteur chimique selon 'une quelconque des revendications précédentes, incluant en outre un ou plusieurs dis-
positifs de mesure de composition gazeuse agencés pour surveiller la composition des produits de réaction, et pour
communiquer la composition au dispositif de commande pour une utilisation dans la régulation de la vitesse de la
ou des réactions indirectes.
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